Submerged powder injection is widely used for steel refining processes. Powder is usually injected downwards through a single-hole nozzle or horizontally through a two-hole nozzle attached to a top lance into the molten metal bath with carrier gas. In this study we investigate fundamentally horizontal injection through a two-hole nozzle to enhance the refining efficiency of the processes. As a first step, experimental investigation is carried out on the bubble formation from the two-hole nozzle in the case that only gas is injected into the bath. Two types of bubble formation patterns are observed depending on the gas flow rate: synchronized and non-synchronized bubble formations. A synchronization ratio is newly introduced in this study to describe the degree of synchronization. The frequency of bubble formation at each nozzle is measured with a high-speed video camera and compared with existing empirical equations for a single-hole nozzle because no empirical equation is available for the frequency of bubble formation for a two-hole nozzle.
Introduction
In the steel refining processes such as the desulfurization process, dispersion of fine particles into the molten metal bath is greatly responsible for the efficiency of the processes. [1] [2] [3] Namely, the particles should be dispersed in the reactor of the processes as widely as possible to increase the total interfacial area between the molten metal and particles. The particles are commonly injected into the bath with carrier gas. As they are usually poorly wetted by molten metal and their densities are very low compared to that of the molten metal, it is not easy to disperse them uniformly into the bath. Unfortunately, prediction of an optimum condition under which uniform dispersion of particles is achieved is not known yet. Considering these circumstances, many efforts have been devoted to understand the mechanism of particle penetration and the behavior of a gas-liquid-solid three-phase jet in the bath, as explained below.
Concerning the basic characteristics of the gas and powder mixture injected into the bath, there are many unknown phenomena to investigate. The penetration mechanism of a single particle without carrier gas into a molten metal bath has been investigated by some researchers 2) and a critical condition for the penetration is clarified. However, the penetration mechanism of, for example, clustering particles with carrier gas is not understood yet.
In the current desulfurization process a mixture of gas and particles is usually injected downwards through a single-hole nozzle or horizontally through a two-hole nozzle attached to a top lance into the molten metal bath with carrier gas. In the downwards injection through a single-hole nozzle, particle-laden bubbles are generated at the nozzle exit in a lower gas flow rate regime, while a particle-laden jet is induced downstream of the nozzle in a higher gas flow rate regime. Even the boundary between the two regimes is not known yet. In addition, this method is not necessarily effective for uniform dispersion of fine particles because dispersion of particle-laden gas phase is restricted near the top lance.
We therefore investigate fundamentally in this study a horizontal injection method using a two-hole nozzle. The particle dispersion zone is expected to be highly increased compared to the downward injection. As a first step of this research series, we focused on the bubble formation at the two-hole nozzle in the absence of particles. It has two holes on its opposite sides. Namely, the holes are drilled and then finished on the symmetrical positions with respect to the nozzle axis. Only air was injected in the horizontal direction. The frequency of bubble formation, f B , was measured with a high-speed video camera and compared with some empirical equations previously proposed for gas injection through a single-hole bottom nozzle. [4] [5] [6] This is because no estimation method is available for the frequency of bubble formation from a two-hole nozzle.
When fine particles are injected into a bath with carrier gas, they are usually contained in bubbles generated at the nozzle exit and then carried into the bath together with the bubbles. The dispersion of the fine particles therefore is closely associated with the behavior of the bubbles. Accordingly, information on the frequency of bubble formation at the horizontal nozzle exit and the subsequent coalescence of bubbles were investigated in this study. In addition, a synchronization ratio, n, was newly introduced to describe the bubble formation pattern. Figure 1 shows a schematic diagram of the experimental apparatus. The test vessel had a cross-section of 365 mm Â 400 mm and a height of 465 mm. Air was supplied with a compressor and injected into a water bath through an immersion lance with a nozzle having two holes on the opposite sides. The inner diameters of the two holes are the same. The nozzle was made of brass pipe and its bottom was closed with a nut. The brass pipe was wetted by water. The inner diameter, D i , of the nozzle and the inner diameter of the hole, d ni , are shown in Fig. 2 . The outer diameter of the nozzle was kept at 1.27 cm. The flow rate of air, Q g , was controlled with a mass flow controller.
Experimental Apparatus and Procedure
The behavior of bubbles successively generated at the nozzle exit was observed with a high-speed video camera at 630 fps in one second after the bubble formation pattern became steady in state. The gas flow rate, Q g , was varied from 5 cm 3 Ás À1 to 100 cm 3 Ás À1 . Measurements of the frequency of bubble formation were repeated three times under every experimental condition. The frequency of bubble formation was evaluated on the basis of the mean value of them.
Two types of nozzles were used. One has two holes of the same inner diameter on its opposite sides. The other has two holes of different inner diameters on its opposite sides. These nozzles were referred to as Nozzle A and Nozzle B, respectively. In this paper the results for Nozzle A will be mainly presented.
Experimental Results and Discussion

Bubble formation pattern (Nozzle A)
There appeared two types of bubble formation patterns for Nozzle A, as shown in Figs. 3 and 4 . In Fig. 3 bubbles were simultaneously generated at the two nozzles and they rose at nearly the same rise velocity. This type was named the synchronized bubble formation pattern. On the other hand, in Fig. 4 bubbles were generated alternatively at the two nozzles. This type was called the non-synchronized bubble formation pattern. These types of bubble formation patterns were first observed in this study as far as the authors are aware.
It is well-known that the hydrodynamic loss at the nozzle increases with an increase in the gas flow rate. Considering the case that two nozzles of the same inner diameter are attached to a top lance and the gas flow rate, Q g , is kept constant, if the gas flow rate at the right-hand side nozzle, Q gR , is greater than that at the left-hand side nozzle, Q gL (¼ Q g À Q gR ), at the start of gas injection, the hydrodynamic loss at the right-hand side nozzle is greater than that at the left-hand side nozzle. As a result, air becomes hard to issue out of the right-hand side nozzle, and then Q gR becomes to decrease. On the contrary, Q gL becomes to increase with time, t. If Q g is sufficiently low, this process proceeds gradually until Q gR and Q gL agree with each other. Bubbles are synchronously generated at the two nozzles under this condition. On the other hand, when the gas flow rate, Q g , is high, the so-called overshoot phenomenon takes places, and Q gR and Q gL never become to agree with each other and oscillate periodically out of phase. Bubbles are not synchronously generated under this condition. A synchronization ratio, n, is newly introduced to describe the transition of bubble formation pattern. When bubbles are simultaneously generated (Type A), n is defined to have a value of 1.0. On the other hand, when bubbles are alternately generated all the time (Type B), n is defined to have a value of 0. Accordingly, n is expressed as follows:
where n s is the number of bubbles generated simultaneously at two holes and n t is the total number of bubbles in a predetermined time. Figure 5 shows the bubble formation pattern map. Type A appeared in a low gas flow rate regime. The synchronization ratio, n, decreased with an increase in the gas flow rate, Q g , but increased with an increase in the inner diameter of the hole, d ni ,. The mechanism of synchronization cannot be clearly explained at the present stage. Figure 6 shows the bubble coalescence patterns above the hole exit. The solid circles denote the case that a single bubble is generated successively at each hole and rises in the bath, as shown in Fig. 2 . The coalescence of bubbles did not occur in the course of rising in the bath. The open circles denote the case that two or more than two bubbles coalesce in the vicinity of the hole exit. It should be emphasized that bubbles generated from the right-hand and left-hand nozzles never coalesced with one another. It is evident that the coalescence of bubbles does not occur in a low gas flow rate regime regardless of the inner diameter of hole, d ni .
Bubble coalescence pattern (Nozzle A)
It should be noted that in the above-mentioned two cases the frequency of bubble formation at the right hole is very close to that at the left hole under the present experimental conditions. Namely, the total number of bubbles generated from one hole was nearly equal to that generated from the other hole.
Existing empirical equations for the frequency
of bubble formation at single-hole bottom nozzle (Nozzle A) Concerning the side gas injection from a hole of an immersion nozzle, no empirical equation is available for the frequency of bubble formation. The frequency of bubble formation, f B , measured in this study therefore will be compared with previously proposed empirical equations for bottom gas injection from a single-hole nozzle. Leibson et al. 4) proposed the following empirical equation for the mean diameter, d B , of bubbles generated from a single-hole bottom nozzle. A settling chamber was connected just upstream of the nozzle. Air was injected straight upwards into a water bath.
ðd ni ¼ 0:04 À 0:3 cm; 300 < Re < 2100Þ ð2Þ
where Re is the Reynolds number and g is the kinematic viscosity of air (¼ 0:15 cm 2 Ás À1 ). This equation was derived under the constant pressure condition. This condition means that the pressure in the nozzle remains constant during bubble formation because of the presence of a settling chamber.
By assuming that bubbles are spherical in shape, the relationship between the frequency of bubble formation, f B , and bubble diameter, d B , is given by
Substitution of eq. (2) into eq. (4) yields
The following empirical equation was proposed by Davidson and Amick 5) for the mean diameter of bubbles generated from a single-hole bottom nozzle under the constant flow condition. where the units of Q g and d ni are cm 3 Ás À1 and cm, respectively. The constant flow condition means that the flow rate of gas in the nozzle remains constant during bubble formation.
One of the authors of this study proposed previously the following empirical equation also for a single-hole bottom nozzle 7) under the constant flow condition. 
ð630 < L ðkgm À3 Þ < 13600; 27 < ðmNm À1 Þ < 1700; 0:3 < g ðkgm À3 Þ < 2:5; 10 < Q g ðcm 3 s À1 Þ < 1000;
where L is the density of liquid, g is the acceleration due to gravity, is the surface tension and g is the density of gas. Figures 7 through 9 show the measured values of the frequency of bubble formation, f B at the right-hand hole against the gas flow rate, Q g,R , for the inner hole diameter, d ni of 0.20, 0.30, and 0.40 cm, respectively. The gas flow rate, Q g,R was measured by collecting air with a beaker-like vessel placed above the right-hand hole. The frequency of bubble formation at the right-hand hole was nearly equal to that at the left-hand nozzle. Equation (8) (5) however cannot approximate the measured values in every case. This is mainly because eq. (5) was derived in the case that a settling chamber was connected upstream of the nozzle. Further investigations on the frequency of bubble formation, f B , from a horizontal twohole nozzle are desirable for deriving an empirical equation of f B .
Comparison of empirical equations with measured values of the frequency of bubble formation (Nozzle A)
Comparison of bubble formation from two-hole
nozzle with that from single-hole nozzle (Nozzle A) Figures 10 through 12 show the measured values of the frequency of bubble formation from the right-hand hole of the two-hole nozzle and a single-hole nozzle settled on one side of the lance. In the former case gas was injected both from the right-hand and left-hand holes. In the latter case the left-hand hole was closed and gas was injected into the water bath solely from the right-hand hole. The frequency of bubble formation from the right-hand hole of the two-hole nozzle is higher than that from the single-hole nozzle for every gas flow rate. As the number of bubbles generated per second from the left-hand hole is nearly the same as that from the right-hand nozzle, the frequency of bubble formation from a two-hole nozzle therefore is much higher than that from a single-hole nozzle. This fact suggests that multi-hole nozzle is useful for generating many bubbles.
A remarkable difference can be seen between the measured values of f B for the two cases especially in the case of the synchronized bubble formation (n ¼ 1). As the synchronization ratio, n, decreased, the two frequencies of bubble formation became to agree with each other regardless of the inner diameter of hole. This fact suggests that the pressure (7) eq. (8) eq. (5) eq. (7) Davidson-Amick eq. (8) Iguchi et al. (5) eq. (8) eq. (7) eq. (7) Davidson-Amick eq. (8) Iguchi et al. eq. (7) eq. (8) eq. distribution in the nozzle is significantly affected by the number of holes. It is an important subject to seek an optimum number of holes for which bubbles are generated as many as possible. The reason for such an interesting phenomena on bubble formation under the synchronized pattern condition (n ¼ 1) cannot be explained at present. An understanding of the mechanism must be left for a future study. 
Bubble formation characteristics at nozzle B
Bubbles were generated at the nozzle B under the nonsynchronized condition. Figure 13 shows the flow rate ratio against the gas flow rate, Q g , for two kinds of nozzles. In each case air issued only from the larger diameter nozzle for Q g < 10 cm 3 Ás À1 . With an increase in the gas flow rate, Q g , the gas flow rate ratio for the smaller nozzle increased and then approached about 20% in Fig. 13(a) and about 30% in Fig. 13(b) . These asymptotic values correspond to the area ratio of the two nozzles, A r . The area ratio, A r , for the smaller nozzle is given as follows: The measured values of the frequency of bubble formation from the nozzle B of d ni ¼ 0:10 and 0.20 cm are shown in Fig. 14. The measured values at the two holes cannot be approximated both by eqs. (7) and (8), although eq. (7) is not drawn in order to avoid crowding in the figure. In Fig. 15 the measured values at the two holes of d ni ¼ 0:20 and 0.30 cm became to be approximated by eq. (8) as Q g increased. As mentioned earlier, more data should be collected to derive an empirical equation for the frequency of bubble formation from a horizontal two-hole nozzle.
The results obtained from the two-hole nozzle A suggests that the summation of the frequencies of bubble formation at the smaller and larger nozzles of the two-hole nozzle B almost agrees with the summation of the frequency of bubble formation at a single-hole nozzle of the same inner diameter as the smaller nozzle and that at a single-hole nozzle of the same inner diameter as the larger nozzle. This is expected because the bubble formation proceeds under the nonsynchronized pattern condition for the nozzle B. Figures 16  and 17 show the experimental results. The solid symbol denotes the summation of the frequencies of bubble formation at the two-hole nozzle. The open symbol denotes the summation of those at the two single-hole nozzles. The solid and open symbols agreed favorably with each other at the same gas flow rate, as expected.
Conclusions
The behavior of bubbles successively generated from a two-hole nozzle attached to a top lance was observed with a high-speed video camera. Main findings obtained in this study can be summarized as follows. 4.1 Nozzle A (Two holes of the same inner diameter were settled on the opposite side walls of the nozzle.) (1) Two types of bubble formation patterns were observed.
Bubbles were simultaneously generated at the two holes in a lower gas flow rate regime. On the other hand, bubbles were alternatively generated at the two holes in a higher gas flow rate regime. These patterns were named the synchronized and non-synchronized patterns, respectively. (2) The frequency of bubble formation from the right-hand nozzle was nearly the same as that from the left-hand nozzle regardless of bubble formation patterns. 
Nozzle B (Two holes of different inner diameters
were settled on the opposite side walls of the nozzle.) Bubbles were generated from the nozzle B under the non-synchronized pattern condition. The total frequency of bubble formation from the two-hole nozzle was almost agreed with the summation of of the frequency of bubble formation at a single-hole nozzle of the same inner diameter as the smaller nozzle and that at a single-hole nozzle of the same inner diameter as the larger nozzle.
